(Received 9 February 2014; accepted 6 March 2014; published online 24 March 2014) Of the six normal vibrations of SF 6 , ν 3 has a key role in the mechanisms of radiative forcing. This vibration, though inactive in Raman, shows up through the transition 2ν 3 allowing for a complementary view on the asymmetric stretch of the molecule. Here, we look back into this topic, which has already caught some interest in the past but with some points been left out. We make a systematic incoherent-light-scattering analysis of the overtone with the use of different gas pressures and polarization orientations for the incident beam. Absolute-scale isotropic and anisotropic spectra are reported along with natural and pressure-induced widths and shifts, and other spectral features such as the peaks corresponding to the (experimentally indistinguishable) interfering channels E g and F 2g hitherto seen solely as two-photon IR-absorption features. We make the first-ever prediction of the SF 6 polarizability second derivative with respect to the ν 3 -mode coordinate and we develop a heuristic argument to explain why the superposition of the three degenerate stretching motions that are related to the ν 3 mode cannot but generate a polarized Raman band. © 2014 AIP Publishing LLC.
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I. INTRODUCTION
With a Global Warming Potential (GWP) of about 22 000, 1 sulfur hexafluoride is the most powerful of the Kyoto-protocol greenhouse gases. 2 The recent findings by NASA scientists that the absorbed infrared radiation by molecules having several F atoms bond to the same central X atom scales quadratically with the number of fluorine atoms 3 are an indirect confirmation of that property. This conclusion underlines the importance of reliable calculations of X-F bond-dipole derivatives for such molecules, since those quantities are now known to increase linearly with the number of fluorines. 3 It also stresses the significance of accurate values for the polarizability derivatives, which participate in the polarization mechanisms of SF 6 albeit do not enter directly GWP calculations.
Aside from Maroulis's seminal paper, 4 little is known on the polarizability derivatives of SF 6 . Recently, a prediction of ∂ 2ᾱ /∂q 2 5 was made by our group for the "scissoring" mode of that molecule on the basis of high-sensitivity Raman experiments on the 2ν 5 overtone. 5 Yet the poor accuracy of the existing data for cubic force constants involving bending modes 6, 7 of SF 6 prevented us from giving an unambiguous value for that derivative (even though a formula involving k 155 as a free parameter was also given therein, 5 which will allow for a more reliable estimate of the derivative whenever a more reliable input for k 155 comes out).
Among the six normal modes of sulfur hexafluoride, ν 3 is the only stretching vibration to generate a transition directly involved in the radiative forcing. 8 At least two studies, employing high-resolution spectroscopy, have been devoted a) Electronic mail: michel.chrysos@univ-angers.fr to the infrared spectrum of that IR-active fundamental. 9, 10 In a different context entirely, collision-induced Raman or hyper-Rayleigh processes involving sulfur hexafluoride have aroused keen interest in scientists in the last two decades, [11] [12] [13] [14] [15] [16] reviving interest both in collision-induced processes [17] [18] [19] [20] and in vibrational molecular spectroscopy. [21] [22] [23] More recently, SF 6 became the molecule of choice for testing a new spectroscopic probe, which uses impulsive stimulated Raman scattering and coherent electrons from high harmonic generation to monitor molecular dynamics. 24 Since few weeks, SF 6 is again in the forefront after the use of new cryogenic multipass cells, in high-resolution absorption experiments, which allowed for resolving its ever-challenging ν 6 forbidden band. 25 Here, prompted by our recent studies on the 2ν 5 spectra, 5, 26 we employ incoherent Raman spectroscopy to detect the first overtone of the ν 3 vibration and to circumvent the handicap of the Raman inactivity of the ν 3 fundamental transition. Our work is a threefold advancement on an issue of vibrational Raman spectroscopy on which much has been accomplished 27, 28 but on which the last is yet to be heard. First, it shows how to make a systematic, successful Raman analysis of the two overtone spectra (isotropic and anisotropic) with the use of two complementary yet independent light-scattering experiments that employ different polarizations for the incident beam, and with a series of experimental runs for various gas pressures. Accurate absolute-calibrated profiles along with their natural and pressure-induced band widths and shifts are reported for the two spectral components and a number of interesting features are revealed. Among other observations, the signature of the two channels E g and F 2g is clearly distinguished on the anisotropic spectrum, a feature thus far only observed through two-photon IR-absorption spectroscopy 29 and computationally accessed by using a symmetrized local-mode basis. 30 From our observations and reliable data for the cubic force constant 6, 7 . Such constants are also known to take large values as compared to constants for stretch-bend or pure bend motions, and therefore are expected to significantly add to (or subtract from) the harmonic polarizability matrix-elements.
Finally, a heuristic argument is briefly outlined at the end of the article to explain the polarization properties of the scattered light for the 2ν 3 band.
II. THE EXPERIMENT IN BRIEF
The description of our experimental setup has been given in recent 5, 26 and other publications [31] [32] [33] and will be skipped. We only recall (i) that the scattering intensities were recorded at an angle of 90
• from the incident beam, (ii) that the polarization of this beam was chosen to be perpendicular (⊥) or parallel ( ) to the scattering plane, at will, and (iii) that, for either polarizations, the scattering signal (counts/s) was recorded at a fixed temperature, T = 294.5 ± 1 K, and over a wide range of Raman wave numbers ν and gas densities ρ.
We remind the reader that the only way to reliably access physically meaningful light-scattering spectra, especially for weak bands, is to respect a stiff protocol, such as the one established by our group more than a decade ago, in which independent polarizations for the incident beam are used along with a series of independent runs for different gas-density values. 31, [34] [35] [36] [37] In the present study, we ran, for each polarization of the incident beam, 10 independent experiments for the following 10 values of gas density: 2, 3, 5, 7, 9, 11, 13, 15, 17, and 19 amagat (i.e., for gas pressures amounting to 2. 13, 3.15, 5.12, 6.98, 8.74, 10.40, 11.95, 13.41, 14 .77, and 16.03 bars). Calibration of the Raman signals on an absolute scale was made by means of the S 0 (1) rotational line of molecular hydrogen, ensuring, for each value of ρ, conversion to absolute spectral quantities S i (ρ, ν) (with i = ⊥ or ) and I i (ν) = S i (ρ, ν)/ρ (measured in units of cm 3 amagat and cm 3 , respectively). The use of S i (ρ, ν) helps the reader distinguish the whole series of spectra for the various values of ρ on the same graph. The intensity I i (ν) only weakly depends on ρ, a dependence revealing the pressure effects of the spectrum. Note that the way in which the spectral widths and shifts in the observed bands depend on the gas density is expected to be linear, and its extrapolation to the ρ = 0 limit allows for revealing the natural characteristics of the band. Let us finally point out that in the only previous works on this overtone, 27 , 28 a fixed polarization (⊥) had been used for the incident beam, which had unavoidably restricted the recorded spectra to their polarized I ⊥ components. It is nevertheless remarkable that (as far as integrated intensities are concerned) the agreement between the previous results and the ones reported here is from good to excellent (see Table II ).
After combination of the two intensities I (ν) and I ⊥ (ν) with appropriate linear expressions to take into account the aperture of the output beam, isotropic, I iso , and anisotropic, I ani , spectra are deduced, which tell us about the transition matrix-elements of the SF 6 polarizability invariantsᾱ and α, respectively, and reveal spectral features directly related to the symmetry classes of the overtone.
III. NOTIONS OF GROUPS AND SYMMETRY CLASSES
To go deeper into this statement, the 2ν 3 overtone expands as a sum of symmetry classes A 1g ⊕ E g ⊕ F 2g , each of which is associated with certain polarizability components, as follows:
α xy , α yz , α zx .
The isotropic spectrum I iso (ν) is generated by the mean polarizabilityᾱ and corresponds to the component A 1g . The anisotropic spectrum I ani (ν) is generated by the anisotropy α and corresponds to components E g and F 2g . As a result, there are two sublevels in the anisotropic overtone, which are indistinguishable experimentally, even though the symmetry restrictions to which the transition matrix-elements obey allow for substantial simplifications. The A 1g component is associated with value l = 0 for the vibrational angular momentum and with the combination (v 3,a , v 3,b , v 3,c ) = (2, 0, 0) for the vibrational quantum numbers of the final state because ν 3 is a triply degenerate mode. As for the E g and F 2g components, both are associated with the value l = 2 but go with the combinations (2, 0, 0) and (1, 1, 0), respectively. The position of component A 1g was clearly localized on our isotropic spectrum. Thanks to our highly sensitive experiment, also the peaks of the two sub-bands corresponding to E g and F 2g components were discerned on the top of the anisotropic spectrum, even though the main bodies of the two sub-bands were mixed up with each other as expected. Particularly gratifying was the fact that, despite the low resolution of our equipment, the positions of those three peaks agree well with results from eigenvalue calculations 30 as well as with observations from highly resolved two-photon IR-absorption experiments, carried out decades ago 29, 38 or repeated several years later in the framework of sub-Doppler IR-IR double-resonance studies using a sideband spectrometer. 39 The origin of the discrepancies between our Raman results and those of the IR-IR experiments may be related to the specificity of each physical process. If the anisotropic intensity of the overtone were to lie entirely with one of the E g or F 2g channels, either of the two expressions would be true: ( α)
2 f i = 9 002000| α xy |000000 2 for F 2g , when summed over degeneracy. Yet, the way in which the total intensity of the anisotropic spectrum is shared between these channels cannot be deduced experimentally. Below, only upper bounds are given for the quantities 002000|α xy |000000 and 002000|α xx − α yy |000000 , assuming that either the E g or F 2g species could give the dominant contribution to ( α) 
IV. RESULTS
For each of the ten values of ρ, frequency integration of I i (ν) (i = ⊥, ) was carried out and the results were found to be insensitive to the values of ρ. This finding is evidence of spectra strictly pertaining to isolated SF 6 molecules, with no contamination by any binary, ternary, or higher-order collision-induced contributions or by parasitic effects due to foreign compounds. Figure 1 shows this property by illustrating the quantities σ ⊥ = S ⊥ (ρ, ν)dν (filled symbols) and σ = S (ρ, ν)dν (empty symbols) as a function of density. As anticipated above, the symbols associated with each spectral component are tightly packed along a straight line passing from zero. The property of such a well-defined straight line for each spectrum reveals that integrated intensities do not depend on ρ, and so neither do zeroth-order spectral moments. The absence of signal at the origin shows that there was no noise background. 
A. The isotropic spectrum
In Figures 2 and 3 , calibrated isotropic spectra are shown, for the different values of gas density, as a function of ν. Figure 2 illustrates on a semi-logarithmic scale the function S iso (ρ, ν). The spectral intensity I iso (ν) is shown in Figure 3 on a linear scale. As a general remark, pressure effects are very pronounced in the isotropic spectrum, as attested to by the significant changes in the band shape of Figure 3 as the gas density is increased. The most pronounced peak seen on this figure corresponds to the position of branch Q of the 2ν 3 transition. The other pronounced peak located just before this transition is the branch Q of the hot band ν 6 + 2ν 3 − ν 6 . A simple calculation using the data reported in Table I of our previous article (Ref . 5) shows that, at room temperature, the population ratio between the levels (000000) and (000001) in SF 6 is 31.839 17.490 = 1.82, which exactly corresponds to the ratio of the two peak values upon extrapolation of the spectra to the ρ → 0 limit.
At the far left side of the spectrum, a small structure (highlighted in the logarithmic plot of Figure 2 ) is discerned whose aspect is similar to the two pronounced bumps except for a scaling factor. This structure is identified as the 2ν 3 and ν 6 + 2ν 3 − ν 6 transitions of the isotopomer 34 SF 6 . The peak intensity of this structure as compared to that of the main one well confirms this conclusion: their ratio amounts to 20, a value corresponding to the concentration ratio 40 This isotopomeric band is also to be incorporated in the calculation of the overtone given that the polarizability matrix-elements for the two isotopomers are nearly equal and the concentration of the isotopomer 34 S in the cell is the same as in atmospheric SF 6 .
In order to assess pressure effects on the isotropic spectrum, the band width and the position of the band maximum were carefully calculated for the various values of ρ. Significant pressure-broadening and redshift effects were found that obeyed a linear law in ρ. This is illustrated in the insets of Figure 3 and numerically given in Table I .
The main peak at the zero-density limit is located at the frequency ν = 1888.42 (6) 29, 38 and eigenvalue calculations, 30 respectively. As a last remark about this spectrum, note that its shape closely resembles that of the recently studied 2ν 5 overtone, 5 in which the hot-band transition ν 6 + 2ν 5 − ν 6 had again a significant role both in shape and in integrated intensity. At room temperature, the state (000001) of SF 6 is the second most populated level after the ground level.
A very important point to be stressed for the remainder of this article is that hot bands of the type x + 2ν 3 − x is an integral part of the overtone. By no means should these bands be excluded from the calculation of the overtone's spectral moment. This point, which has been adequately discussed in an article on the 2ν 3 overtone of CO 2 (Ref. 41, p. 194305-4) , can be easily understood on the basis of the "principle of the communicating vessels," to depict metaphorically the transfer and the conservation of intensity between the principal transition 2ν 3 and the hot bands x + 2ν 3 − x: If these bands were to be excluded from the overtone intensity, the remaining intensity would be temperature-dependent-and so too would be the resulting polarizability matrix-elements and derivatives, which is nonsensical.
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B. The anisotropic spectrum
We now turn our attention to the anisotropic spectrum of the overtone. At first sight this spectrum seems less sensitive to density variations than it was the isotropic spectrum. Here, the shape is strictly Gaussian whatever the density, yet observable broadening affects appear along with some shift of the peak values, both obeying linear density laws. Figures 4 and 5 show, for the different values of gas density, the calibrated anisotropic spectra of the overtone as a function of ν. Figure 4 illustrates the function S ani (ρ, ν), on a linear scale. The spectral intensity I ani (ν) is shown in Figure 5 . Apart from the clearly Gaussian shape of the spectrum, there is another interesting feature in this profile: Two spikes appear on the top of this spectrum, which are the distinctive marks FIG. 4 . Same as in Fig. 2 but for 29 They are also close to the calculated eigenvalues 1889.6 and 1895.6 cm −1 , respectively.
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The discrepancies observed may have a physical origin related to the specificity of the process. Pressure effects are again shown as insets. Figure 6 illustrates, for an arbitrary value of gas density, the quality of the Gaussian profile for the anisotropic spectrum. Thanks to such best fits, the pressure effects were again determined and found to satisfy a linear density law both for the band width and for the shift of the band maximum. The width of the anisotropic spectrum turns out to be about 15 times the width of its isotropic counterpart. Table I gathers the pressure band broadening and shift density-laws for the isotropic and the anisotropic spectrum of the overtone. For both spectra, a redshift of the band maximum is observed, which for the anisotropic spectrum is twice as great as it is for the isotropic spectrum. Both spectra are broadened by pressure but the effect in the isotropic component is three times more substantial than it is for the FIG. 5. Same as in Fig. 3 but for the anisotropic intensity.
Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Figure 7 shows the depolarization ratio η(ν) of the overtone as a function of Raman frequency ν, for three representative values of gas density. The overtone is highly polarized close to the band center and this trend is enhanced as density is decreased. Away from the center, the band becomes quickly depolarized. The presence of the isotopomer 34 SF 6 is clearly seen at the left side of the figure. The striking similarity between the two 32, 34 SF 6 isotopic structures (except for a scale factor) is better shown here than in Figure 3 .
C. Depolarization ratio and spectral moment
An integrated depolarization ratio was also calculated for each density, and its average value turned out to be η int = 0.43 (2) . This result is in marginal agreement with the num -FIG. 7 . Depolarization ratio η(ν) as a function of ν (in cm −1 ) for the representative gas density values 3, 11, and 17 amagat. 27 The 2ν 3 overtone, though still qualified as a "polarized band," is definitely far less polarized than the 2ν 5 overtone. 26 Isotropic and anisotropic zeroth-order spectral moments, M 0 , were also calculated, and their values (in cm 6 ) are gathered in Table II along with the M 0 values from previous studies. Note that in none of the past studies was the incidentbeam polarization oriented in other than the ⊥ direction. The experimental uncertainty (values in parentheses) is the sum of the statistical errors due to the linear regression and of the 6% systematic errors in the calibration procedure.
D. The matrix-elements ( α) f i and (ᾱ) f i
In view of the results gathered in Table II and of the discussion in Sec. III, absolute values of transition matrixelements (002000) ← (000000) for the mean polarizabilityᾱ and anisotropy α along with values for the upper bounds of the matrix-elements of the two experimentally indistinguishable anisotropy components (α xx − α yy ) and α xy can be derived. These are gathered in Table III .
E. The second derivatives
Starting from the zeroth-order moment, M 0 , it is now possible to deduce the harmonic second derivative ∂ 2ᾱ /∂q 2 3 , by means of two expressions given in Ref. 5 [Eqs. (9) and (12) therein] whenever adapted to the case i = 3.
Because of the Raman inactivity of transition ν 3 , one has ∂ᾱ/∂q 3 = 0. As for the first derivatives in the summation of the second expression, ∂ᾱ/∂q 1 is the only nonzero term. This is because the transitions ν 4 and ν 6 are Raman-inactive, while ν 2 and ν 5 are totally depolarized, which means that ν 1 is the only Raman-active transition to be totally polarized. As a consequence of this, the harmonic derivative reads
Full account of the hot bands corresponding to the ladder nν 3 − (n − 2)ν 3 with n = 2, 3, 4, . . . was taken through the hot-band factor γ i (T) (with i = 3, T = 294 K). Its value for the 2ν 3 band amounts to only 1.02. On the other hand, let us emphasize again that hot bands corresponding to excited 3 . modes other than the mode ν 3 , such as ν 6 + 2ν 3 − ν 6 , etc., should instead enter the calculation of the overtone intensity in order to preserve the temperature independence of the resulting matrix-elements and thus of the derived polarizability derivatives. that differ both in the sign and in the order of magnitude leaves room for cheap ab initio calculations to decide between the two signs and to numerically assess the actual value of the harmonic property.
As regards the derivatives
and ∂ 2 α ∂q 3,a ∂q 3,b (q 3, a and q 3, b denote any two of the three dimensionless normal coordinates for the triply degenerate ν 3 mode), the data are not sufficient to deduce their values from our observations because the two sub-bands E g and F 2g cannot be discerned experimentally from the anisotropic spectrum. Yet, given that these components are associated with the stretching quantum numbers (v 3,a , v 3,b , v 3,c ) = (2, 0, 0) and (1, 1, 0), respectively, the quantities 3,b , depending on whether it is the E g or the F 2g component that is treated, respectively. Unfortunately, Raman spectroscopy offers no possibility to separate these two derivatives in the sum.
Note that to calculate
and ∂ 2 α xy ∂q 3,a ∂q 3,b , one needs the matrix-elements for the two sub-bands, as well as anhar- 
V. A HEURISTIC ARGUMENT
Let us now present a heuristic argument to justify why the 2ν 3 band is polarized. This argument, initially reported in Ref. 32 to show that the 2ν 3 overtone of CO 2 is a depolarized band, runs as follows. In the asymmetric stretching of CO 2 , the two oxygen atoms spend most of their time close to the turning points, i.e., in positions of two unequal C-O lengths. As there are two equivalent such configurations, depending on whether it is the one or the other oxygen which is closer to carbon, the molecule scatters the radiation like an effective binary system. But (collision-induced) lightscattering by binary systems is known to be a process primarily depolarized, 17, 47 which is exactly what was observed with the 2ν 3 band of CO 2 (
420, see Ref. 33) . Does this argument also apply to the 2ν 3 band of SF 6 ? Because of its triple degeneracy, the ν 3 vibration in SF 6 is not in all aspects the same as the ν 3 vibration of CO 2 , even though in both vibrations there are three aligned atoms to stretch asymmetrically. As a result, the atoms in SF 6 undergo a superposition of three stretching motions (one per F-S-F axis), each with a different phase, and the resulting picture resembles an effective spherical particle. This property shows that the 2ν 3 of SF 6 is a polarized band ( Table II ), in agreement with the general statement that spherical systems generate polarized light-scattering spectra. This is illustrated in Figure 8 . In the first row of this figure, three cartoons are sketched to depict the three orthogonal stretch motions in the ν 3 -vibrating molecule. The fourth cartoon shown alone depicts the combined motion between two of the former asynchronous motions. The resulting motion brings about vibrational momentum l and Coriolis couplings-a situation having little in common with the non-degenerate ν 3 vibration of CO 2 .
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VI. SYNOPSIS
We reported a rather exhaustive analysis of the SF 6 2ν 3 overtone at room temperature. This overtone arises from electrical anharmonicity and is allowed in Raman even though its fundamental transition is not. It was detected with light-scattering equipment of unprecedented sensitivity and with use of a meticulous protocol, involving two different polarizations for the incident beam and a series of ten different gas pressures. This enabled access to a multitude of hitherto unknown properties and features, such as frequency-resolved absolute isotropic and anisotropic spectra at the low density limit, pressure broadening and shift effects, and subtle structures such as the positions of the E g and F 2g sub-bands relevant to the anisotropic spectrum, which (along with the all-symmetrical A 1g ) were so far only accessible through multiphoton infrared absorption. Our study also permitted a prediction of the second derivative of the molecule's mean polarizability as an attempt to fill a gaping hole in the literature. Comparative analysis with the few data found in the two previous Raman studies on this overtone was made, and the agreement observed is a further validation of our approach and a guarantee for its success. A number of other findings were also discussed in relation with the role of the hot bands around the main transition, the presence of isotopomers, the degree of accuracy of the anharmonicity cubic force constants, and the role of this overtone in general as a means to better understand the inner workings of the ν 3 asymmetric stretching of SF 6 . This vibration is the main cause of radiative forcing by this molecule, whose global warming potential is the largest of all Kyoto-protocol greenhouse gases. 38 (1982) . Note in passing that the theoretical shape of the two-photon contribution to the spectrum of ν 3 , based on an analysis of 3ν 3 and shown in the latter article ( Fig. 12 upper panel, p. 60), provides the values 944.5, 945.8, and 947.7 cm −1 for the positions of the three main peaks; an interesting agreement with our findings, 1888.4, 1892.4, and 1895.1 cm −1 , is observed upon halving the latter values to make them correspond to the same frequency region as in single laser-photon absorption.
